Lung fibrosis is a feature of a number of diseases, including idiopathic pulmonary fibrosis (IPF), autoimmune collagen vascular diseases, radiation, and the latter stages of acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) (1, 2) . After acute or chronic lung injury, a number of adaptive systems are employed to repair/restore alveolar-capillary structure and function (3) . The proliferation, differentiation, and migration of epithelial and endothelial cells may repair the injury without fibrosis. More severe injury or improper repair may result in dysregulated proliferation and activation of fibroblasts with increased expression of collagen and other matrix proteins (4) . The resulting fibrosis impairs gas exchange, decreases compliance, and contributes to the development of pulmonary hypertension (5) . Although ALI/ARDS and IPF are distinct clinical disorders, fibroblast activation and proliferation are important in the pathophysiology of both. It is estimated that 400,000 people are diagnosed with either IPF or ALI/ ARDS annually in the United States, and both diseases are associated with high rates of mortality. Multiple therapies have been tested in each disease, including corticosteroids, myelosuppression, and cytokine antagonists, but no effective treatment is currently available.
Fibroproliferation after lung injury and the progressive fibrosis that occurs with IPF are characterized by elevations of the profibrotic cytokine, transforming growth factor (TGF)-b1 (4) . TGF-b1 is constitutively present in the lung interstitium in a latent form. Upon injury to the epithelium or endothelium, TGF-b1 is converted from a latent to an active form (6) (7) (8) (9) (10) . Active TGF-b1 binds to one of a family of TGF-b1 receptors present on the cell surface, activating multiple downstream signaling cascades. Binding of TGF-b1 with the ALK5 receptor on the plasma membrane has been shown to be required for the development of fibrosis in multiple models (11) . Activation of the ALK5 receptor induces the phosphorylation of Smad 2,3, sometime referred to as R-smad (12) . R-smad recruitment and phosphorylation can be inhibited by the binding of Smad7 to the ALK5 receptor (13) . Once phosphorylated, Smad2,3 forms a complex with other Smad proteins, such as smad4, which facilitates translocation to the nucleus ( Figure 1) .
Once in the nucleus, binding of the Smad complex with DNA is regulated by coactivators such as p300 or repressors such as peroxisome proliferator-activated receptor (PPAR)-g (14) . Adding to the complexity are the interactions of corepressors, such as cellular homolog of Sloan-Kettering virus (Ski) and Ski novel gene N (SnoN), both of which can bind to Smad proteins to disrupt the active heteromeric Smad-p300 complex (15) .
The consequences of Smad-mediated transcription are cell type specific. In resident lung fibroblasts or fibroblasts recruited from circulating fibrocytes, TGF-b1 stimulates their proliferation and transformation to myoyfibroblasts (16) (17) (18) . Myofibroblasts are specialized fibroblasts important in tissue repair and fibrosis that express a-smooth muscle actin, secrete increased extracellular matrix and release fibrogenic cytokines (i.e., connective tissue-derived growth factor, platelet-derived growth factor, plasminogen activator inhibitor-1, and others) (16) (17) (18) . In addition, stimulation of myofibroblasts with TGF-b1 causes them to release active TGF-b1, amplifying the fibrotic signal (18) . Myofibroblasts have been reported in biopsy specimens from patients with ARDS and IPF. In epithelial cells, Smad signaling can induce apoptosis or a transition to a mesenchymal phenotype (''epithelial-mesenchymal transition,'' or EMT) (3, 19) . In rodent models of lung fibrosis, preventing the activation of TGF-b1, blocking the TGF-b1 receptor, inhibiting Smad activation in response to receptor binding, and inhibiting Smaddependent gene transcription have all been shown to attenuate lung fibrosis in response to bleomycin (4) . A similar requirement for TGF-b1 signaling has been observed in lung fibrosis that develops in response to ionizing radiation and asbestos (20) . TGF-b1 signaling has also been shown to play a critical role in the fibrosis that develops in the liver, skin, gut, and kidney in response to different fibrogenic stimuli (21) . Collectively, this has led investigators to hypothesize that the activation of TGF-b1 serves as a ''fibrotic switch'' that is turned on in response to injury and turned off after repair (21) . Excessive pulmonary fibrosis might result from unregulated activation of TGF-b1 or from its failed down-regulation after alveolar repair.
Smad-dependent pathways are required for the normal regulation of tissue regeneration, inflammation, and fibrosis (21, 22) . As a result, strategies that completely inhibit Smad signaling have been associated with significant toxicity. To overcome these difficulties, investigators have focused on pathways that modulate the intensity of Smad signaling or act independent of the Smad pathway in mediating the full TGF-b1-mediated cellular re-sponse (23) (24) (25) . For example, activation of the mitogen-activated protein kinase pathways, including p38 (23), extracellular signalregulated protein kinase (25) , or the c-Jun N-terminal kinase (26) , is often required for effective TGF-b1 signaling (27) . Imatinib (Gleevec) is an example of a small molecule designed to inhibit Smad-independent signaling by TGF-b1. Imatinib inhibits TGF-b1-induced activation of the tyrosine kinase, c-Abelson, which is required for extracellular matrix expression in fibroblasts. The administration of imatinib to mice was shown to prevent pulmonary fibrosis in the bleomycin model when the drug was administered before the instillation of bleomycin (28, 29) , but had minimal effects when given after bleomycin (30) . Similarly, PPAR-g agonists, such as rosiglitazone, have shown efficacy in animal models of fibrosis (31, 32) . Their effects against fibrosis are significantly attenuated if administered after bleomycin instillation (33) . This may in part be due to the fact that PPAR-g agonists accelerate degradation of PPAR-g itself (34) , limiting its modulatory effects on TGF-b1 transcription.
UBIQUITIN-PROTEASOME SYSTEM
Since its original description by Ciechanover and colleagues (35) (36) (37) (38) , the ubiquitin-proteasome system has emerged as a key pathway that defines cellular protein turnover and, consequently, the levels and activity of numerous intracellular proteins. Proteins are targeted for degradation by the covalent Ubiquitin is then transferred to E2, a conjugating enzyme, which further transfers activated ubiquitin to a unique ubiquitin ligase E3. Polyubiquitin is generated by the addition of multiple ubiquitin moieties.
linkage of ubiquitin to a lysine residue in the target protein.
Ubiquitin is a small, ubiquitously expressed protein that is highly conserved throughout evolution. In most cases, ubiquitin is linked to the substrate protein through an isopeptide bond between the e-amino group of a lysine in the target protein and the COOH-terminal glycine of ubiquitin. Cycles of these reactions link additional ubiquitins to lysines within the previously added ubiquitin (36) .
The conjugation of ubiquitin to protein substrates involves a series of hierarchically organized steps ( Figure 2 ) (37) . A single E1 ubiquitin-activating enzyme that is present in all mammalian cells catalyzes the formation of an E1 ubiquitin thioester adduct with the COOH-terminal glycine of ubiquitin in a reaction that requires ATP. The E1 enzyme transfers the ubiquitin to members of the E2 ubiquitin carrier protein family (also called ubiquitin-conjugating enzymes). For the majority of proteins, the transfer of ubiquitin from the E2 ligase to the protein targeted for degradation requires the participation of an E3 ubiquitin ligase. The E3 ligases are a large class of a structurally diverse family of proteins that may number in the hundreds in humans (36) . They provide selectivity to the ubiquitin process by serving as docking proteins that bring the substrate protein and the E2 carrier protein with activated ubiquitin together. In some instances, accessory proteins also interact with E3 ubiquitin ligases to facilitate substrate recognition. Presently, E3 ubiquitin ligases are grouped into three major families based on structural similarities and the functional classes of substrates they recognize (36, 38) .
THE 26S PROTEASOME AND INHIBITORS
The proteasome is located both in the cytoplasm and the nucleus (36) . It has a barrel-like structure that is capped at each end by regulatory 19S proteins. The barrel moiety or core 20S particle has both scaffold-like and proteinase functions that are ATP dependent. The active-site threonine residues, the hydroxyl groups of which function as the catalytic nucleophils, have three distinct cleavage preferences that are termed chymotryptic, tryptic, and caspase-like. Inhibitors of the proteasome can bind to one or more of these sites to inhibit enzymatic function. The regulatory 19S complex at each end of the barrel functions to recognize, bind, and unwind proteins before degradation. The 20S core and the 19S regulatory units are collectively referred to as the 26S proteasome.
Although the classic description of proteasomes has placed them intracellularly in both the nucleus and cytoplasm, recent evidence points to its presence and possible activity in the extracellular space (39) . Proteasome proteins were detected by mass spectrometry and Western blotting in bronchoalveolar lavage fluid (BALF) of eight healthy subjects undergoing elective surgery. All three proteasome activities were identified, and BAL supernatant successfully cleaved albumin in an ATP-and ubiquitin-independent manner (40) . In a subsequent study, BALF from patients with ARDS was found to have increased proteasomal proteins compared with BALF from control subjects, but proteasomal activity was significantly decreased compared with healthy control subjects. In addition, ARDS BALF inhibited proteasome activity when mixed with BAL from healthy patients, suggesting the presence of a soluble inhibitor (41) .
The mechanism by which proteasomes end up in the extracellular space has not been studied, but has been speculated to represent cellular damage and necrosis. It is not clear whether extracellular proteasomes may be important for alveolar protein degradation after injury, and if this process can be regulated. There is a report of a potential immunomodulatory role for extracellular proteasomes in certain groups of patients (42) .
There are several classes of proteasome inhibitors that can be distinguished by their pharmacophores ( Table 1 ). The first class to be developed was the peptide aldehydes, of which MG-132 is best known. These compounds are cell permeable and useful for in vitro experiments, but their in vivo role is limited by their nonspecificity, as shown by their ability to inhibit both serine and cysteine proteases. Lactacystin is a naturally occurring compound produced by Streptomyces lactacystinaeus, and is a slowly reversible inhibitor of the proteasome. It has limited cell permeability that has precluded its in vivo use. A cellpermeable analog to lactacystin, termed PS-519, has been developed and showed efficacy in an animal model of acute stroke, but its clinical development is unknown (43) .
Bortezomib is a modified dipeptidyl boronic acid that intercalates into an active site of the proteasome to specifically and reversibly inhibit the chymotrypsin-like activity of the 26S proteasome in mammalian cells (44, 45) . It is the first proteasomal inhibitor approved by the U.S. Food and Drug Administration for the treatment of multiple myeloma and mantle cell lymphoma (45) . Two new proteasome inhibitors, NPI-0052 and carfilzomib, have been developed, and studies are ongoing to evaluate their clinical characteristics and possible utility for cancer.
UBIQUITINATION/PROTEASOMES AND TGF-b1 SIGNALING
Protein degradation by the ubiquitin-proteasomal system modulates TGF-b1 signaling at multiple steps. The E3 ubiquitin ligases, Smad-ubiquitination-regulatory factor (Smurf)-1 and Smurf2, interact with R-smads to mediate their destruction. The RING finger E3 ligase, Arkadia, is activated upon binding to Smad7, and targets it and the transcriptional repressors, SnoN and cellular Ski (c-Ski), for degradation (46) (47) (48) . Furthermore, it has been reported that PPAR-g is degraded by the ubiquitinproteasome system (34), although the E3 ligase responsible has not been identified. Thus, proteasomal inhibition could modulate TGF-b1 signaling at several potential targets, and potentially abrogate development of tissue fibrosis.
PROTEASOMAL INHIBITION AND FIBROSIS
In addition to its role in removing damaged proteins, the ubiquitin-proteasome system has been shown to play a critical role in the regulation of proteins that affect inflammatory processes, cell growth, and differentiation. Inhibiting the activity of the proteasome prevents substrate degradation, which leads to modulation of associated proteins that are involved in disease states. Inhibition of these ''activated'' proteins (e.g., transcription factors, such as NF-kB or hypoxia-inducible factors [HIFs]) can modulate molecular pathways, and the resulting phenotype in disease models. Below, we highlight the effect of proteasomal inhibition on tissue fibrosis and mechanisms by which it may regulate TGF-b1 signaling pathways.
One of the earliest reports on the activity of proteasomal inhibitors on fibrosis was in a rat model of unilateral ureteral obstruction ( Table 2 ). Administration of the peptide aldehyde, N-benzyloxy-carbonyl-Ile-Glu (O-t-Bu)-Ala-leucinal (PSI), inhibited proteasome activity and attenuated the up-regulated gene expression of profibrotic proteins and the development of tubulointerstitial fibrosis, as assessed by histology (49) . Another early report tested the efficacy of MG-132 in spontaneously hypertensive rats over a 12-week period. Rats given MG-132 daily showed a 38% attenuation in cardiac fibrosis, as assessed by histology (50) . More recently, investigators examined the efficacy of proteasomal inhibition in liver steatosis/fibrosis (51, 52) . Specifically, they found that lactcystin, a naturally occurring compound that acetylates the proteasome, prevented steatosis/ fibrosis in a mouse-carbon tetrachloride model (51) . Furthermore, in a mouse study of bile-duct ligation-induced cirrhosis, a single dose of bortezomib administered 3 days after bile duct ligation significantly attenuated a-smooth muscle actin and collagen expression, as well as severity of histologic fibrosis (52) . Bortezomib was also tested in a murine model of thrombopoietin-induced myelofibrosis. After 4 weeks of treatment, bortezomib decreased TGF-b1 levels in marrow fluids and impaired development of marrow and spleen fibrosis. After 12 weeks of treatment, bortezomib also impaired osteosclerosis development and improved 1-year survival from 8 to 89% (53) . A single study examined the effect of MG-132 and bortezomib in the mouse model of bleomycin-induced pulmonary fibrosis (54) . Daily administration of MG-132 or bortezomib, beginning 24 hours after bleomycin instillation, failed to show attenuation of histologic fibrosis, and twice weekly administration of highdose bortezomib was associated with toxicity in the bleomycintreated mice, but not in control mice.
FIBROSIS PATHWAYS: PROTEASOME-REGULATED MECHANISMS
The mechanism(s) by which proteasomal inhibition might protect against injury/fibrosis are not known. Previous work suggests that proteasomal inhibition decreases expression of extracellular matrix proteins and metalloproteinases (50) . Subsequently, it was shown that TGF-b1-induced collagen 1 and tissue inhibitor of metalloproteinase-1 were inhibited by both bortezomib and MG-132 (55) . Furthermore, proteasomal inhibition does not inhibit Smad phosphorylation (54) or nuclear translocation, suggesting that proteasomal inhibition manifests its effects in fibroblasts through a Smad-independent pathway. One hypothesis is raised by the observation that inhibiting the phosphorylation of c-Jun induced by proteasomal inhibition reversed its antifibrotic effects in dermal fibroblasts (55) . Alternatively, multiple proteasomal inhibitors have been reported to increase the levels of PPAR-g (34) , which antagonizes TGF-b1 signaling in part by inhibiting the binding of R-smads with cognate binding sequences in TGF-b-responsive promoters (56).
In contrast to its effects on TGF-b1 signaling, other investigators have proposed that proteasomal inhibition might limit TGF-b1 expression (53) . In the mouse thrombopoietin myelofibrosis model, both plasma and marrow TGF-b1 levels were increased compared with control mice. Treatment with bortezomib, however, reduced TGF-b1 expression in a dosedependent fashion. The authors did not report the mechanism by which this occurred, but it is well established that TGF-b1 induces its own expression in an autocrine fashion (12) .
Hepatic stellate cells (HSCs) play a critical role in the development and maintenance of liver fibrosis, and serve as the primary cellular source of matrix components in chronic liver disease. Bortezomib and MG-132 were shown to induce apoptosis of these cells, potentially explaining the observed protection against liver fibrogenesis. Activated HSC survival was dependent upon the prosurvival gene, A1, an antiapoptotic Bcl-2 family member, as silencing RNA (siRNA) targeted knockdown of A1-induced HSC apoptosis (52) .
The pathobiology of usual interstitial pneumonia, the pathologic finding in interstitial pulmonary fibrosis, includes accumulation of myofibroblasts in fibroblastic foci (57) . Studies using lung tissue from patients with IPF have shown that, despite increased apoptosis in alveolar epithelial cells, fibroblasts/myofibroblasts may be resistant to apoptosis (58, 59) . Similarly mesenchymal cells from patients with persistent ALI, which shares similar fibroproliferative features with IPF, have been found to have activation of survival signaling pathways and an antiapoptotic phenotype (60) . These studies suggest that induction of fibroblast/myofibroblast apoptosis could provide an appealing target in IPF and ALI/ARDS, similar to proteasomal inhibition targeting HSCs in liver fibrosis.
Proteasomal inhibitors might also prevent the degradation of Smad repressors, thereby attenuating TGF-b1-mediated signaling. For example, the E3 ubiquitin ligase, Arkadia, targets Smad7, SnoN, and c-Ski for degradation. SnoN and Ski are also targeted by the E3 ubiquitin ligase, Smurf2. All three of these proteins are known to attenuate TGF-b1 signaling (46) (47) (48) 61) . Inhibiting their degradation would be predicted to attenuate fibrogenesis (13, 61) .
In the treatment of multiple myeloma, bortezomib is thought to act in part by inhibiting NF-kB activation (62) . NF-kB consists of two subunits of 50 and 65 kD, and is maintained in cytoplasm, where it binds to an inhibitory protein, IkB. During NF-kB activation, the phosphorylated IkB is polyubiquitinated and subsequently degraded by the proteasome. Thus, proteasomal inhibition prevents IkB degradation and results in diminished NF-kB activation. It has been reported that NF-kB activation in monocytes can induce TGF-b1 production via IL-1 in an autocrine fashion (63) . This would predict decreased TGF-b1 expression in the presence of proteasomal inhibition. Alternatively, NF-kB activation has also been reported to inhibit TGF-b1 signaling by the induction of Smad7 (64) . It is unclear what role modulation of NF-kB activity plays in mediating the antifibrotic effects of proteasomal inhibition.
THERAPEUTIC PROTEASOMAL INHIBITION
In a phase 3 trial comparing bortezomib with dexamethasone for the treatment of multiple myeloma, bortezomib was superior in time to disease progression, the primary endpoint (65) . In the same study, there was a 44% incidence of serious adverse events (SAEs) (defined as an event that results in death, significant disability, or an important medical event) with bortezomib treatment, which was similar to a 43% incidence of SAEs with dexamethasone (Table 3 ) (65) . The most common SAE that led to discontinuation of bortezomib was peripheral neuropathy (8%). The incidence of severe neutropenia with bortezomib was 12%, but bortezomib had to be stopped in less than 1% of patients due to severe neutropenia. No pulmonary toxicities were reported in these studies. The results of this trial led to the approval of bortezomib by the U.S. Food and Drug Administration. Bortezomib has also been approved for the treatment of mantle cell lymphoma.
There are no data on the use of bortezomib in human fibrosis. There are reports, however, on the efficacy of bortezomib in the treatment of chronic graft-versus-host disease (66, 67) . In animal models, inhibition of TGF-b1 signaling has been shown to decrease the severity of chronic graft-versus-host disease and the severity of bronchiolitis obliterans after allogeneic hematopoietic stem cell transplant (24, 68) .
Fibroproliferative ARDS and most fibrotic lung diseases, such as IPF, are associated with dismal outcome. Anti-inflammatory therapies, immunosuppressive cytokines, and anticytokines have been ineffective, and are often associated with significant side effects. There is accumulating evidence from in vitro and animal studies demonstrating the therapeutic potential of proteasomal inhibition for tissue fibrosis. Given the absence of proven effective therapies for pulmonary fibrosis, proteasomal inhibition may provide a novel and attractive target in this devastating process. Enthusiasm for this approach may be tempered by reports of patients who developed pulmonary toxicity after bortezomib administration (69) on a twice-weekly basis. Most of these patients were in Japan, and were administered bortezomib before it had received approval there. Implementation of therapeutic guidelines has led to a 10-fold reduction in incidence of pulmonary complications in two different studies (70) , including a postmarketing surveillance cohort of 666 patients (71) . Based in part on these latter studies, bortezomib was approved in Japan in 2006. Although there are sporadic case reports of bortezomib-induced pulmonary toxicity from elsewhere (72, 73) , there are no reports suggesting the high rate of bortezomib-induced pulmonary toxicity seen in Japan, and pulmonary toxicity was not reported in the pivotal U.S. phase 2 study (74) .
CONCLUSIONS
In this review, we highlight the effect of proteasomal inhibition on various animal models of tissue fibrosis, and mechanisms by which it may regulate TGF-b1 expression and signaling. There are no effective therapies for fibroproliferative ARDS or IPF, and proteasomal inhibition may provide a novel target in these devastating diseases. 
